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Abstract. Boron carbide nanowires with uniform carbon nitride coating layers
were synthesized on a silicon substrate using a simple thermal process. The
structure and morphology of the as-synthesized nanowires were characterized
using x-ray diffraction, scanning and transmission electron microscopy and
electron energy loss spectroscopy. A correlation between the surface smoothness
of the nanowire sidewalls and their lateral sizes has been observed and it is
a consequence of the anisotropic formation of the coating layers. A growth
mechanism is also proposed for these growth phenomena.
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1. Introduction
Boron carbides have many unique properties such as low density (2.5 g cm−3), small thermal
extension coefficient (5.73 × 10−6 K−1), high melting point (>2400 ◦C), extreme hardness
(about 30 GPa), high resistance to chemical attack, high Seebeck coefficient, and high neutron
absorption cross-section. They thus have many applications, especially under extreme conditions,
for example, lightweight armour, shielding of neutrons in nuclear reactors and solid-state neutron
detectors [1]–[4]. Recently, boron carbide nanostructures have attracted much attention since
these nanostructures have advantages over their bulk counterparts [5].To synthesize boron carbide
nanostructures, several techniques have been developed including CNT template-mediated
growth [6]–[9], chemical vapour deposition (CVD) and plasma enhanced CVD (PECVD)
[5, 10, 11], carbothermal reductions of boron oxides [12]–[16], a porous alumina templating
technique [17], and electrostatic spinning [18]. The boron carbide nanostructures have diverse
morphologies and structures. Boron carbide nanowires synthesized through CNT template-
mediated growth can be polycrystalline or crystalline, pure boron carbide nanowires or boron
carbide nanowires coated with boron nitride layers. The morphologies of PECVD boron carbide
nanostructures can be cylindrical with smooth or rough and faceted surfaces, linear arrays of
approximately equally spaced rhombohedral nanostructures, as well as nanosprings composed of
helical amorphous boron carbide. Aligned boron carbide nanofibres and nanoscaled freestanding
porous boron carbide ceramic-fibre matrices have also been fabricated by using a porous alumina
templating method [17] and an electrostatic spinning method [18], respectively. Interesting
growth phenomena are reflected in the diversity of the morphologies and structures of these boron
carbide nanowires, and the study of their growth mechanisms is important to the controllable
growth of these nanostructures and thus their potential applications.
In this paper, we report a simple thermal method to synthesize a new type of boron carbide
nanowire. B4C powder was annealed and the nanowires were grown on a silicon substrate.
Detailed structural and compositional analysis suggest that the boron carbide nanowires are
uniformly coated with several layers of carbon nitride. The growth mechanism is also discussed.
2. Experimental
The boron carbide nanowires were synthesized through a simple annealing process. B4C powder
was loaded into an alumina combustion boat as the starting material. A (100) oriented silicon
wafer was used as the substrate. The silicon wafer was cleaned by hydrochloric acid and washed
by de-ionized water in sequence. The polished surface of the silicon wafer was coated with a layer
of ferric nitrate by putting on a few drops of the methanol solution of Fe(NO3)3. The silicon wafer
was then placed directly on the B4C powder with the coated side contacting with the powder.
The combustion boat was then placed in an alumina tube of a tube furnace. During the annealing,
a constant flow of nitrogen gas (∼1400 ml min−1) was fed into the tube. The temperature of the
furnace was first elevated and maintained at 450 ◦C for about 1 h to activate the catalyst particles,
and then increased to and kept at 1300 ◦C for 8 h. After the annealing process, the furnace cooled
down to room temperature naturally.
X-ray diffraction (XRD) patterns of the sample were recorded on a Philips analytical x-ray
spectrometre with cobalt radiationλ = 0.1789 nm.A Hitachi S-4500 field-emission gun scanning
electron microscope (SEM) was used to illustrate the general morphology of the sample. The
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Figure 1. XRD pattern of the as-grown nanowires. A rhombohedral boron
carbide structure can be identified and the broadened peak indicated by the arrow
corresponds to a lattice spacing of 0.34 nm, which is close to the spacing of (002)
planes of a hexagonal carbon nitride.
detailed structures of the nanowires were further elucidated by transmission electron microscope
(TEM), including high-resolution TEM (HRTEM) and energy-filtered TEM (EFTEM) in a Tecnai
F30 TEM with field emission gun and accelerating voltage of 300 kV. The compositions of the
nanowires were investigated by using electron energy loss spectroscopy (EELS) attached to
the Tecnai F30 TEM. The TEM sample was prepared as follows: we scratched the surface of
the silicon wafer by using sharp forceps and the scratched materials were then transferred onto
TEM copper grids coated by holey carbon thin film.
3. Results and discussion
A typical XRD pattern of the sample is shown in figure 1, and a pattern taken from a clean silicon
substrate is also shown as the reference. The significant peaks of the sample pattern can be
indexed as the boron carbide structure. Some of the interplane spacing, d(hkl), calculated from the
diffraction peaks (2d(hkl) sin θ = nλ) are slightly larger than those given in the powder diffraction
files (PDF# 71-0585 or #75-0424), for example, d(012) and d(014) of the sample are about 3% larger
than those of the PDFs. The lattice constants of the sample are a = 0.557 nm and c = 1.25 nm.
It suggests that the unit cell of the nanowire exhibits a slight elongation along c-axis, relative to
that of their bulk counterparts (a ∼ 0.56 nm and c ∼ 1.21 nm, [19]). This deviation might be due
to the small size of the nanowires (because of the extremely high surface to volume ratio of the
nanowire, the crystalline unit cell of a nanowire could be more relaxed than that of a perfect bulk
crystal) and the content ratio of boron over carbon [19]; while the small size of the nanowires
as well as their defects (e.g., twins) can also affect the profiles of the XRD peaks, which might
introduce additional uncertainties of the measurement [20]. The XRD pattern matches that of
B13C2 (PDF# 71-0585) better than that of B4C (PDF# 75-0424), though these two phases cannot
be exclusively distinguished from the current XRD measurement.
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Figure 2. (a) SEM image showing that a large quantity of the nanowires with
large aspect ratios has been grown on the substrate. (b) TEM bright-field image
displaying different morphologies of individual nanowires: smooth and ridged
surfaces for nanowires.
The SEM image (figure 2(a)) shows that a large number of nanowires have been grown on
the surface of the silicon substrate. These nanowires are usually over 20 µm long and several
tens of nanometres in diameter, which indicates a large aspect ratio about 1000. The nanowires
are normally straight along their axes, while slight bending can be seen. Figure 2(b) is a low-
magnification bright-field TEM image further revealing the morphologies of the nanowires. The
nanowires with diameters around 15 nm have smooth surfaces (indicated by the white arrows),
while the nanowires with larger diameters of around 50 nm (indicated by the black arrows) have
ridged surfaces. The ridged morphology can be discerned from the nanowires with intermediate
diameter, for example, the one with a diameter of ∼30 nm shown in the white rectangle in
figure 2(b). It can be also seen that the diameter of some nanowires is not uniform along their
axes (the inset of figure 2(b)). Smooth surfaces and ridged surfaces are observed from the parts
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Figure 3. EELS spectra show that the nanowires are composed of B, C and N. The
B/C ratio is about 1:5 and N content is 4–6%. Well-defined 1s → π∗ transition
peak and a series of broad 1s → σ∗ transition peaks are visible for B, C and N
(the inset) edges.
with small diameters and large diameters of the nanowire, respectively. It can be concluded from
the above observations that the smoothness of the nanowire surfaces is directly related to their
diameters: the larger the diameters of the nanowires the more irregular are their surfaces. In
addition, we have tilted the nanowires along their axes with total tilt-angle about 100 and no
significant changes of their diameters can be observed, and belt-like morphology is thus not the
case for the nanowires.
The composition of the nanowires was studied by EELS. Typical cumulative EELS spectra
are shown in figure 3. Ionization edges around 188, 284 and 401 eV are observable in the spectra
corresponding to the K-ionization edges of boron, carbon and nitrogen, respectively, which
indicates that the nanowire is composed of B, C and N. Quantitative analysis of the EELS
edges yields the elemental concentrations of the nanowire. The B to C ratio is about 1:5 with a
nitrogen content of 4–6%. The electron energy loss near edge structures (ELNES) of the EELS
edges shows local coordination of corresponding elements. The carbon and boron K-edges
both exhibit a small but well-defined 1s → π∗ transition peak and a series of broad 1s → σ∗
transition peaks. The π∗ and σ∗ features of boron K-edge can be usually observed from boron
carbide, as in boron carbide crystals boron atoms are located either at the vertices of icosahedra
(sp2 hybridization, i.e., π∗ feature) or the chains connecting the icosahedra (sp3 hybridization,
i.e., σ∗ feature) [21]–[24]. The bonding types of carbon atoms in boron carbide, however, depends
on the B to C ratio of boron carbide. Boron carbide (B1−xCx) has considerable homogeneity
ranges (0.088  x  0.200) with the same crystal structure (D53d − R3m). With the highest
carbon content, B4C consists of B11C icosahedra with C–B–C intericosahedral chains [22]; with
the lowest carbon content, icosahedra are composed of B12 and carbon atoms exist only as the
C–B–C chains [23]. It indicates that for boron carbide with a lower carbon content, the sp2 feature
might be weaker than that with a higher carbon content. Nevertheless, the intensity of the carbon
π∗ state shown in figure 2 is more significant than that taken from pure boron carbide nanowires
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Figure 4. EFTEM images showing the elemental distribution of the nanowire:
(a) zero-loss image indicating the morphology of the nanowires, and (b), (c), and
(d) are boron, carbon and nitrogen mapping, respectively.
with the highest carbon content [24]. It suggests that other than boron carbide, additional sp2
carbon atoms might exist in our sample, which is consistent with the large carbon to boron
ratio obtained from the quantitative EELS analysis. As pointed out by Hu et al [25], there is a
preference to form sp2-bonded carbon when the nitrogen concentration is larger than 12%. The
analysis indicates that the distribution of small amount of N in the nanowires might strongly
correlate to the C and thus favour the formation of sp2 carbon atoms. The nitrogen K-edge is
magnified and shown as the inset of figure 3. The well-defined π∗ and σ∗ transition peaks are
characteristic of C–N materials, especially a C–N graphitic bond [26], and the ELNES results
strongly suggest that the nanowires also contain graphitic C–N. EFTEM was used to further
clarify the elemental distribution of the nanowires, especially the distribution of trace nitrogen.
Figure 4(a) is a zero-loss filtered image with slit width of 10 eV, and figures 4(b)–(d) shows the
elemental mappings of boron, carbon and nitrogen rendered in red, blue and green, respectively.
The boron mapping (figure 4(b)) demonstrates that the boron atoms mainly distribute in the core
region. The carbon mapping (figure 4(c)) shows that the outer layer and the core region both
contain significant amount of carbon. The nitrogen mapping (figure 4(d)) indicates that nitrogen is
only rich in the outer layer. The same elemental distribution was observed for nanowires with
larger diameter and irregular surfaces. The mapping results are different from those of BCN
nanotubes [27]. The EELS and EFTEM results suggest that the nanowires have a structure of
boron carbide cores and carbon nitride sheath layers.
The lattice images of three nanowires with diameters ∼25, 45 and 50 nm are shown as
figures 5(a)–(c), respectively. From these images, the correlation between the surface smoothness
of the nanowire sidewalls and their lateral sizes is evident. The enlarged image of the
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Figure 5. Lattice images of nanowires with diameters (a) ∼25, (b) 45 and (c)
50 nm. (d)–(f) Enlarged images corresponding to the regions indicated by the
white squares in (a)–(c), respectively.
white-squared region in figure 5(a) is shown as figure 5(d) so that the lattice fringes can been
seen clearly. The sidewall surface of the thin nanowire exhibit almost atomic flatness, i.e., the
side surface is {101}, one of the closest-packed planes in B4C. The surface of the nanowire with
medium lateral size looks smooth under low magnification (figure 5(b)), while in the enlarged
image of figure 5(e) facets can be spotted and the most occurring facets are {102}, the other
closest-packed planes in B4C, as well as {101}. The faceting of the large nanowire shown in
figure 5(c) is significant and the facets are also {102} and {101} (figure 5(f)). For the investigated
nanowires, the most frequently occurring enlogation direction is 〈121〉 and (101) is parallel to
the enlogation direction (figures 5(a) and (c)), and 〈001〉 enlogation is also possible as shown in
figure 5(b). All the nanowires are uniformly coated with a few layers of lattice fringes, which
have been identified as CNx, showing a fringe spacing of 0.34 nm. The coating layers can be
seen clearly from the broken end of the nanowire shown in figure 5(b) and indicated by the
white arrows. In addition, the coating layers are more fragment-like on the surface of the small
nanowire (figure 5(d)), and they look more continuous on larger nanowire surfaces (figures 5(e)
and (f)).
Both the vapour–solid (VS) and the vapour–liquid–solid (VLS) mechanisms have been
adopted for the growth of boron carbide nanowires [5, 13, 14]. In the VLS growth, catalyst
particles are used as the liquid phase and during the growth, the catalyst droplets absorb atoms
from the vapour phase of source materials and nanowires precipitate from the droplets [28].
For the VS growth, surface energy, defects, and growth kinetics are often considered for one-
dimensional material formation. A vapour of source materials with certain partial pressure is
required for the growth in these vapour-related processes. In our case, however, the melting
point of boron carbide is above 2400 ◦C and the growth temperature of the nanowires is 1300 ◦C,
which is too low to generate boron carbide vapour to support a vapour-related growth. In addition,
during the growth of the nanowires, the starting material, boron carbide powder, intimately
contacted with the surface of the substrate. Boron carbide might be directly delivered to the
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growth sites of the nanowires through surface diffusion [29], while boron carbide vapour was not
significantly involved.We found that the pre-coating of silicon substrate is crucial to the formation
of the nanowires, i.e., no nanowires can be grown without pre-coating the silicon substrate
with Fe(NO3)3. SEM observations show that most of the nanowires root on small particles on
the substrate (not shown here). These particles are Fe–Si alloy and they remained in liquid
form during the growth and served as the catalyst droplets. With the high substrate temperature
during the nanowire growth, the boron carbide was delivered to the catalyst droplets via surface
diffusion and were incorporated into the catalyst droplets. Similar to the VLS mechanism,
the thin nanowires might precipitate from the droplets as they reached supersaturation.
The correlation between the surface smoothness of the nanowires and their lateral size needs
to be explained. Periodic instability [28] and periodic sawtooth faceting [30] of the nanowire
sidewalls are usually present in VLS growth systems. However, the surface irregularity of the
large nanowires in this study does not show any periodic nature, so the two mechanisms are not
applicable here. The experimental results indicate, however, that the ridged surfaces of the large
nanowires might arise from the lateral growth of the nanowires via second nucleation [5], and
the lateral growth can be finally hampered by the formation of CNx layers on side facets of the
boron carbide nanowires. As described above, the core boron carbide nanowires first precipitated
from the catalyst droplets and they exhibit smooth sidewalls (normally {101}, the closest-packed
planes) and have a small diameter ascribed to the sizes of the catalyst droplets. On the sidewalls
of the nanowires, if the nitriding process is more efficient than the second nucleation of boron
carbide, the sidewalls will be covered by layers of CNx which hampered the second nucleation
process and prevented the nanowires from further coarsening. In contrast, if the second nucleation
process is more competitive, the nanowires grow laterally. In this case, the surface roughness
can result from two processes. Firstly, figure 5 shows that the coating layers tends to align with
{102} planes of the core B4C, which suggests either the nitriding is more effective or the binding
of CNx between B4C is more favourable on these planes. Nevertheless, the consequence of the
anisotropic formation of the CNx layers is that the development of the {102} planes are slower
than that of the other closest-packed planes, e.g. {101}, which results in the ridged surfaces of the
large nanowires. Secondly, different growth rates of B4C nonequivalent crystallographic planes
can result in faceting. Hence, the growth of the nanowires is controlled by the diffusion and the
delivery of the boron carbide from the source powder to the growth sites (formation of the core
boron carbide) and efficiency of the nitriding process (formation of the coating CNx layers). It
is worth mentioning that boron nitride nanorods can be grown from a finer source powder and a
nitriding process of higher efficiency [31].
4. Conclusions
Boron carbide nanowires coated with thin layers of carbon nitride have been synthesized on a
silicon substrate. The nanowires with smaller diameters have smooth sidewall surfaces, while
large nanowires exhibit ridged sidewall surfaces. The core boron carbide nanowires precipitate
from catalyst droplets. The nanowires then might grow laterally via second nucleation which
might be hampered by the formation of coating layers via a nitriding process. The anisotropic
formation of the coating layers results in the ridged surfaces of large nanowires. Due to the
coating layers of carbon nitride, the nanowires are expected to be more chemically stable than
those with boron-rich surfaces reported previously.
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